This paper summarizes our recent work on the coupling of surface enzyme chemistry and bioaffinity interactions on biopolymer microarrays for the creation of multiplexed biosensors with enhanced selectivity and sensitivity. The surface sensitive techniques of surface plasmon resonance imaging (SPRI) and surface plasmon fluorescence spectroscopy (SPFS) are used to detect the surface enzymatic transformations in real time. Three specific examples of novel coupled surface bioaffinity/surface enzymatic processes are demonstrated: (i) a surface enzymatic amplification method utilizing the enzyme ribonuclease H (RNase H) in conjunction with RNA microarrays that permits the ultrasensitive direct detection of genomic DNA at a concentration of 1 fM without labeling or PCR amplification, (ii) the use of RNA-DNA ligation chemistry to create renewable RNA microarrays from single stranded DNA microarrays, and (iii) the application of T7 RNA polymerase for the on-chip replication of RNA from double stranded DNA microarray elements. In addition, a simple yet powerful theoretical framework that includes the contributions of both enzyme adsorption and surface enzyme kinetics is used to quantitate surface enzyme reactivity. This model is successfully applied to SPRI and SPFS measurements of surface hydrolysis reactions of RNase H and Exonuclease III (Exo III) on oligonucleotide microarrays.
I. Introduction
The use of biopolymers attached to surfaces in a microarray format for the rapid, multiplexed identification and analysis of bioaffinity interactions has become an indispensable tool for modern biology, biochemistry, and biotechnology. Surface plasmon resonance imaging (SPRI) has recently emerged as an extremely versatile method for detecting the adsorption of biomolecules onto biopolymer (e.g., DNA, RNA, peptide, protein, carbohydrate) microarrays. A schematic diagram of an SPRI apparatus is shown in Figure 1 . In an SPRI experiment, the change in reflectivity from a gold thin film due to changes in the local refractive index near the surface is used to monitor the adsorption of a target bioaffinity partner from solution. The resultant SPRI difference image can be quantitatively analyzed to determine the amount of adsorption without the need for attaching a fluorophore, nanoparticle, or other species to the target molecule. This means that SPRI can be used to detect the adsorption of a wide variety of biomolecules including DNA, RNA, proteins, lectins, and antibodies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Figure 1b shows a set of representative SPRI difference images from various studies of bioaffinity interactions that our research group has performed over the past eight years. 6, [10] [11] [12] [13] [14] [15] [16] Although the multiplexed microarray analysis of bioaffinity interactions is a valuable research tool, even more specificity and sensitivity can be obtained by coupling the bioaffinity process to an enzymatic transformation. This coupling is often employed in solution phase biotechnological processes; for example, the coupling of DNA hybridization with the polymerase chain reaction (PCR) leads to the process of PCR amplification in genomic DNA samples. 17, 18 However, the direct incorporation of solution enzymatic methods such as PCR into a parallel microarray format is often not viable because any intermediate solution species will diffuse onto neighboring array elements. Instead of using solution enzyme chemistry, it is better to utilize a surface enzyme reaction on biomolecules attached to the microarray surface. The use of surface enzyme chemistry ensures that the parallel nature of the multiplexed microarray assay remains intact.
Many new microarray methods for biosensing that incorporate both bioaffinity interactions and surface enzymatic transformations are beginning to appear in the literature. For instance, various * To whom correspondence should be addressed. E-mail: rcorn@ uci.edu.
(1) Wolf, L. K.; Fullenkamp, D. E.; Georgiadis, R. M. J. Am [19] [20] [21] [22] [23] [24] [25] We have recently developed a novel surface-based bioaffinity/enzymatic process that employs RNA microarrays and RNase H to lower the detection limit for SPRI measurements of single stranded DNA (ssDNA) to a concentration of one femtomolar. 26, 27 Figure 2 shows how this enzymatic amplification methodology works. An RNA microarray is exposed to a solution containing both a small amount of ssDNA and the enzyme RNase H. The target ssDNA first binds to a complementary RNA molecule to form an RNA-DNA heteroduplex on the surface (step 1). RNase H recognizes this surface heteroduplex and then selectively hydrolyzes the RNA, releasing both the target ssDNA and the enzyme into solution (step 2). The released ssDNA is free to hybridize with another RNA attached to the surface, and RNase H will again hydrolyze the RNA in the surface heteroduplex. This cycle of binding followed by hydrolysis will continue until eventually all of the RNA probe molecules are removed from the surface (step 3). Note that this surface RNase H amplification process differs from traditional ELISA-style sandwich enzymatic amplification methods 28 because (i) the enzyme substrate is not in solution but instead is attached to the surface, (ii) the surface enzyme reaction releases the enzyme back into solution, and (iii) the RNase H amplification process requires the repeated binding of the target molecule to the surface.
This article describes the recent experimental and theoretical advances we have made in the coupling of surface bioaffinity processes to surface enzymatic reactions such as RNase H hydrolysis for enhanced biosensing applications. In section II, a simple theoretical framework is presented to quantitate the reaction of an enzyme in solution with a surface immobilized substrate. This basic coupled reaction scheme forms the foundation for all of our surface enzymatic amplification and transformation processes. In section III, this model is then used to characterize the surface enzyme chemistry of RNase H and Exo III; a combination of SPRI and surface plasmon fluorescence spectroscopy (SPFS) is employed to obtain a set of surface enzyme kinetic parameters. Finally, in section IV, specific examples demonstrating several different coupled surface bioaffinity/surface enzymatic transformations on DNA and RNA microarrays are presented. These new surface processes include: (i) the RNase H amplification methodology described above for the ultrasensitive detection of genomic DNA, (ii) the application of surface ligation chemistry for the fabrication of RNA microarrays from a DNA microarray template, and (iii) a new method using RNA polymerase for the replication of multiple single stranded RNA (ssRNA) molecules from double stranded DNA (dsDNA) microarray elements.
II. Theory of Coupled Langmuir Adsorption and Surface Enzyme Kinetics
In this section, we quantitatively describe the reaction of an enzyme in solution with a surface immobilized substrate. We (a) Schematic overview of SPRI apparatus. P and F correspond to a polarizer and an 830 nm narrow band-pass filter, respectively. The output from a collimated white light source is passed through P, generating p-polarized light, which impinges onto a high index prism/sample assembly at an optimal incident angle. The sample is a chemically modified thin gold film that is patterned with biomolecules prior to sample assembly. Next, the reflected light is passed through F and focused onto a CCD camera. (b) From left to right, representative SPR difference images obtained for sequence specific 16mer ssDNA hybridization adsorption onto an ssDNA microarray, 18mer ssRNA hybridization adsorption onto an ssDNA microarray, response regulator protein binding onto a dsDNA microarray, lectin binding onto a carbohydrate line array, antibody binding onto a peptide microarray, and protein interactions with a his-tagged protein microarray. find that the surface coverage of the enzyme-substrate intermediate is governed by an interesting combination of Langmuir adsorption kinetics and Michaelis-Menten concepts. Before introduction of the coupled equations, however, we first review how classical Langmuir kinetics affects surface bioaffinity measurements.
A. Langmuir Adsorption and Desorption Kinetics. The vast majority of surface bioaffinity measurements utilize the specific adsorption of target biomolecules (T) from solution onto a surface that has been chemically modified with probe biomolecules (P). If the target and probe interact in a simple 1:1 ratio, then in the absence of bulk transport the surface reaction can be represented in the form where TP is the surface bound target-probe complex (see also Figure 3 inset ). An example of such a reaction would be the adsorption of an ssDNA 16mer target molecule onto a surface bound ssDNA 16mer probe molecule to form a surface bound dsDNA duplex (we define this process as "hybridization adsorption"). Both P and TP are surface species, and in the Langmuir approximation, their surface concentrations, Γ P and Γ TP , are linked to the total concentration of surface sites (Γ tot ) by eq 2 If we define θ as the fraction of occupied surface sites, θ ) Γ TP /Γ tot , then surface adsorption and desorption kinetics can be described by eq 3 At equilibrium, the fractional surface coverage reaches a steady state (dθ/dt ) 0), and this equilibrium surface coverage, θ eq , is given by the Langmuir adsorption isotherm where the Langmuir adsorption coefficient K ads is defined as K ads ) k a /k d . A typical Langmuir analysis for 16mer DNA hybridization adsorption is shown in Figure 3 with a K ads of about 2.0 × 10 7 M -1 . 16,29 At a bulk concentration equal to 1/K ads , half of the surface sites are occupied (i.e., θ eq ) 0.5). For 16mer ssDNA hybridization adsorption, this concentration value is 50 nM.
Equation 3 can also be integrated depending upon the initial conditions to determine the time dependence of the fractional surface coverage, θ(t). For the case of adsorption from a solution of concentration [T] onto an unoccupied surface, the time dependent fractional surface coverage is given by eq 5 where θ eq is the equilibrium value for θ at a particular bulk concentration, as given using eq 4. For the case when θ ) θ eq at t ) 0, the desorption rate can be described by eq 6 Equations 5 and 6 have been used frequently to analyze the adsorption of biomolecules onto surfaces, especially with SPR 30 and SPRI. 6 For the case of 16mer ssDNA hybridization adsorption, typical values are a k a of ∼1.5 × 10 4 M -1 ‚s -1 and a k d of ∼6 × 10 -4 s -1 (data not shown).
An important question to ask is, "What is the lowest concentration one can measure with a surface-based biosensor?" The answer to this question depends on the value of the Langmuir adsorption coefficient, which determines the equilibrium fractional surface coverage, θ eq . For example, in the case of detecting 16mer ssDNA molecules by hybridization adsorption onto a DNA microarray, θ eq is equal to 2 × 10 -8 for a target concentration of one femtomolar. This means that the biosensing technique must be able to see two molecules per 100 million adsorption sites in order to detect hybridization adsorption from a 1 fM solution. For a typical probe surface coverage of 5 × 10 12 molecules‚cm -2 , this corresponds to a surface coverage of roughly 10 5 molecules‚cm -2 , or just 3 molecules in a 50 micron array element! Normal SPRI has a sufficient sensitivity to detect hybridization adsorption from 1 nM target solutions; 4,16,29,31,32 nanoparticle enhanced SPRI can detect hybridization adsorption from 1 pM target solutions. 33 For comparison, a typical fluorescence-based assay is limited by background to a detection limit of 1 pM for DNA hybridization adsorption. 31, 34, 35 In addition, at a target concentration of 1 pM, the surface signal is limited by both adsorption kinetics (eq 5) and diffusion to the surface.
B. Coupled Langmuir Adsorption and Surface Enzyme Kinetics. To solve some of the problems associated with the direct detection of surface bioaffinity events at very low target concentrations, we have implemented enzymatic surface amplification schemes such as the RNase H system described previously in the Introduction. This surface amplification scheme differs from previous surface enzymatic amplification methodologies in that the substrate of the enzyme is bound to the surface. 
The rate of surface enzyme reaction is a critical parameter in this amplification scheme; if the surface reaction rate is too slow as compared to other side reactions, then significant amplification will not occur. For this reason, we have recently developed a kinetic analysis of these surface enzyme reaction rates and have made SPRI and SPFS measurements to determine the surface catalysis rate constants. We have chosen the simplest possible model for the surface enzyme reaction, which is defined using the three processes shown in Figure 4 . This reaction scheme can be written as eqs 7-9 where E (x)∞) and E (x)0) are the bulk and surface enzyme concentrations respectively, S is the RNA-DNA surface bound substrate (the RNA-DNA heteroduplex), ES is the surface enzyme-substrate complex (the RNase H-heteroduplex complex), S* is the surface product (ssDNA), and k cat is the surface reaction rate for the enzyme complex. For the case of SPRI in microfluidic channels, the diffusion is governed by a steady-state mass transport coefficient (k m ) that can also be written as D/δ where D is the diffusion coefficient for the enzyme and δ is the steady-state diffusion layer thickness. 36, 37 This simplified scheme also assumes that there are only simple, noninteracting 1:1 substrate-enzyme surface complexes, and there is no adsorption of the enzyme E onto inactive surface sites.
The kinetics for this reaction scheme are governed by eqs 10-12 where the fractional surface coverages for the three surface species S, ES, and S* are denoted as θ x ) Γ x /Γ tot where x ) S, ES, or S*, [E] is the bulk enzyme concentration, and is a dimensionless diffusion parameter 36,37 defined by eq 13 By solving eqs 11 and 12 using simple Euler integration methods with the initial conditions θ S ) 1 and θ ES ) θ S* ) 0 at time t ) 0, the time-dependent surface coverages θ ES (t), θ S (t), and θ S* (t) can be individually profiled over the course of the enzymatic reaction. Figure 5 shows an example of a kinetic simulation for a surface enzyme reaction where k cat and k a [E] are arbitrarily set equal to 0.1 s -1 , k d is fixed at 0.01 s -1 , with ) 0 in Figure 5a and ) 10 in Figure 5b . As seen in this figure, θ S drops monotonically to zero, whereas θ S* increases to one as the reaction progresses with the time-dependent changes in surface coverage of each reactant species considerably slower when * 0. The kinetic profile of θ ES (t) changes significantly during the reaction, initially rising to a maximum value followed by a slower decrease to zero. Consequently, a steady-state approximation for the surface enzyme concentration (dθ ES /dt ) 0) is NOT valid in this case and can only be applied when the surface reaction is very slow (k cat , k a [E]). The equations associated with this limiting case scenario have been derived and discussed elsewhere. 38 Although θ ES is not constant during the surface enzyme reaction, we found previously that, in all cases, the fractional surface coverage of ES on the unreacted surface sites does reach a steady-state value. 38 This fractional surface coverage is defined as λ ES and is given by eq 14
The dependence of the steady-state value of λ ES on k a [E], k d , and k cat can also be expressed analytically using the following quadratic equation: 
ES 98 k cat S* + E (x)0) (9)
approaches the Langmuir equilibrium surface coverage of 0.909 obtained using eq 4. Also, when k cat is equal to k a [E], a steadystate value of λ ES ) 0.728 is obtained. This value is the same as that observed previously in Figure 5 for both ) 0 and * 0. Finally, if k cat is much larger than k a [E], then λ ES approaches zero and the enzyme reaction velocity is solely limited by the enzyme adsorption kinetics.
III. Quantitative Analysis of Surface Exo III and RNase H Reactions
The kinetic model described above has been applied to the quantitative analysis of the catalytic behavior of RNase H and Exo III on surface-immobilized double-stranded oligonucleotide substrates. Figure 7a shows a real-time SPRI kinetic curve acquired for the Exo III hydrolysis of dsDNA microarray elements at a temperature of 20°C. In this figure, the value of ∆%R initially rises rapidly before gradually decaying to a negative steady-state value. This biphasic signal occurs because all surface adsorption and desorption binding events contribute to the measured SPRI response; in this case, changes in the SPRI signal arise from an increase due to enzyme adsorption (θ ES (t)), and a decrease due to both heteroduplex hydrolysis (θ S* (t)) and release of enzyme back into solution. The observation of a biphasic signal suggests that the rate of Exo III adsorption (k a [E]) must be equal to or greater than the rate of duplex cleavage (k cat ) during the initial reaction stages. Table 1 summarizes the values of k a , k d , and k cat obtained using our kinetic model to simultaneously fit a series of kinetic curves acquired over a range of Exo III concentrations. The data in Figure 7a is for an enzyme concentration of 320 nM; indeed, at this concentration, we find that k a [E] is about eight times greater than k cat . Furthermore, the values of θ eq and λ ES obtained using eqs 4 and 15 are similar in size (0.56 and 0.54, respectively).
Compared with the Exo III reaction, the shape of the real-time SPRI curve for the RNase H hydrolysis of RNA-DNA heteroduplex array elements in Figure 7b is qualitatively very different. At no point during the RNase H reaction is a net increase in SPRI signal observed. This suggests that θ ES (t) has a negligible contribution to the measured SPRI response. The values of k a , k d , and k cat obtained from a kinetic analysis of the RNase H reaction are summarized in Table 1 . The measured k cat value of 1.0 s -1 is significantly larger than k cat for the Exo III reaction, and at an RNase H concentration of 1 nM (corresponding to the data in Figure 7b ), k cat /k a [E] is about 300 with both λ ES (∼10 -3 ) and θ eq (∼10 -2 ) very small. This explains why an initial increase in SPRI signal is observed for Exo III but not for RNase H; once adsorbed, RNase H reacts very quickly and is immediately released from the surface.
When using our kinetic model to analyze the real-time SPRI response, it is necessary to make an assumption on the relative contributions of enzyme adsorption and duplex hydrolysis to the measured SPRI signal. To remove this ambiguity, it is important to obtain an independent set of in-situ surface coverage measurements. This can be achieved by fluorescently labeling one of the reaction species and applying the technique of SPFS to monitor the enzyme reaction. The combined use of SPR and SPFS measurements has previously been demonstrated by Knoll et al. to investigate a variety of surface biochemical interactions, [39] [40] [41] [42] and Kim et al. were able to characterize protease activity on a labeled monolayer of BSA. 43 To obtain a complete characterization of the RNase H surface reaction, time-resolved SPFS measurements were used to monitor the removal of surface bound fluorescently labeled RNA molecules by RNase H hydrolysis. 44 A schematic diagram of the SPFS apparatus is shown in Figure 8 . The SPFS signal is a direct measure of θ S (t), and can be analyzed using eqs 10-12 in an approach similar to SPRI data analysis. The solid lines in Figure  9 represent the best fit to four SPFS curves obtained at various enzyme concentrations. The k a , k d , and k cat values that generated the best fit are listed in Table 1 and are almost identical to the values obtained from the SPRI data, implying that fluorescence labeling of RNA does not significantly affect k cat . Only the value of was significantly different with ) 650 for SPFS, compared to a value of 180 for SPRI. This is due to differences in the microfluidic designs used for continuous sample delivery in the SPFS and SPRI measurements. In contrast, for Exo III no significant contribution for diffusion ( ) 0) to the measured SPRI response was observed due to the much lower rates of enzyme adsorption and catalysis.
IV. Examples of Coupling Bioaffinity Interactions to Surface Enzymatic Transformations
A. RNase H Amplified Detection of DNA. As a first example of how to use surface enzymatic transformations to enhance our biosensing capabilities, we demonstrate the application of the RNase H surface enzyme process for DNA sensing using the amplified detection scheme described previously in Figure 2 . The sensitivity of RNase H amplified measurements was determined by performing a number of experiments to detect ssDNA at various concentrations. Figure 10a shows an SPRI difference image obtained upon the hybridization adsorption of a target 24mer ssDNA (100 nM) onto ssRNA microarray elements in a two-component array (the second type of array element was a 20mer ssDNA negative control). A 1.7% increase in reflectivity from the RNA probe array elements was observed upon hybridization adsorption (Figure 10c ). If the same microarray was instead exposed to a solution containing 100 pM ssDNA and 16 nM of RNase H, a significant (-3.4 ∆%R) loss in SPRI signal was observed as shown in Figure 10 , panels b and c. Note that the change in ∆%R is significantly amplified in the presence of RNase H, despite a 1000-fold reduction in ssDNA concentration. The -3.4% signal loss corresponds to the removal of all ssRNA from the surface. A similar final change in ∆%R is observed at other ssDNA and RNase H concentrations; however, the reaction time scales increase as the target concentration is lowered. The dependence of the initial rate of SPRI signal loss on the ssDNA target concentration during RNase H amplified SPRI detection is shown in Figure 11 . The shape of the concentration dependence curve is similar to the plot of the fractional surface coverage versus concentration for an adsorbing species, θ, predicted by the Langmuir isotherm. A fit of the data (solid line) using eq 4 yields an adsorption coefficient (K ads ) of 6.6 × 10 7 M -1 . This number is in good agreement with previously reported literature values for oligonucleotide hybridization adsorption. 16, 29 This data suggests that the initial reaction rate is related to the fractional surface coverage of RNA-DNA heteroduplexes via the Langmuir isotherm and can be used as a measure of target ssDNA concentration.
The sensitivity of RNase H amplified SPRI is sufficient to detect both short (16-24mers) oligonucleotides at femtomolar concentrations and also longer genomic DNA fragments without PCR amplification. Figure 12a shows an SPR difference image acquired after a 2 h exposure of a microarray composed of three The upper line profile shows an increase in percent reflectivity due to hybridization adsorption of 100 nM target DNA, while the lower line profile shows a larger decrease in percent reflectivity using a much lower concentration of target DNA (100 pM). The decrease of -3.2 ∆%R corresponds to the complete removal of ssRNA probes due to repeat cycles of hybridization adsorption of target DNA followed by RNase H hydrolysis. noninteracting RNA components (R1, R2, and R3) to RNase H and 1 fM target 20mer DNA which is complementary to R2. A decrease in percent reflectivity of -0.7% was observed due to the removal of R2 probes from the surface. The R1 and R3 array elements were unaffected by the enzyme. Two of the RNA probe sequences in the array (R1 and R2) were specifically designed to bind to the TSPY gene on the Y chromosome. 26 Figure 12b shows the result of an experiment exposing the three component RNA microarray to genomic DNA. The concentration of the TSPY gene sequences in the commercially available male genomic DNA was estimated to be 7 fM. 26 When the array was exposed to the genomic DNA for about 4 h, a significant decrease in SPRI signal (-0.7%) was observed for R1 and R2, whereas no SPRI signal loss was observed in either R3 or background. As a control, enzymatically amplified SPRI experiments were performed on female genomic DNA under the same conditions; no decrease in SPRI signal from any of the array elements was observed. These experiments demonstrate that RNase H amplified SPRI is sufficiently sensitive to directly detect specific DNA sequences from genomic samples without any PCR amplification, labeling, or other sample treatments.
B. Creating RNA Microarrays using RNA-DNA Surface Ligation Chemistry. A second example of coupling surface bioaffinity interactions and surface enzyme chemistry is the use of ligation chemistry to create RNA microarrays from DNA microarrays. The ability to fabricate stable and active ssRNA microarrays not only is essential for a successful RNase H amplified SPRI measurement but also will be useful for the study of RNA-RNA, RNA-DNA, RNA-protein, and other bioaffinity interactions. At present, the number of reports in the literature on the fabrication of ssRNA microarrays 26,27,45,46 is very small compared to the wealth of information available on ssDNA microarrays. [47] [48] [49] [50] This is mostly due to the difficulty in tethering RNA molecules to a surface without loss of functionality. Previously, we chemically attached thiol-modified RNA to maleimide-terminated alkanethiol monolayers 26, 27 and the use of biotin-modified RNA has also been reported. 45 However, these procedures are more expensive and can lead to RNA degradation during both the modification and surface attachment procedures. An alternative approach recently developed in our group is to ligate unmodified RNA onto a DNA microarray. 51 This surface enzymatic process can be performed in situ immediately prior to microarray use thus reducing environmental risks, such as exposure to nucleases, which can lead to RNA hydrolysis.
A simple schematic for the fabrication of an ssRNA microarray using RNA-DNA ligation chemistry is shown in Figure 13 . The enzyme T4 DNA ligase is used to form a phosphodiester bond between the juxtaposed 5′ phosphate of the surface attached ssDNA (D A ) and the 3′ hydroxyl group of unmodified RNA (R P ) in the presence of a complementary ssDNA template (D T ). On completion of the ligation reaction, the array surface is thoroughly rinsed with 8 M urea in order to denature and remove the DNA template and any T4 DNA ligase, resulting in the creation of biologically active ssRNA array elements (Figure 13b ). The SPR difference image [b-a] in Figure 13 shows a ∆%R increase of 2.2% following the ligation of 24mer RNA. A surprising yet very useful feature of this approach is that the surface ligation process can be repeated to create a new RNA microarray from the same original ssDNA microarray. This is because RNase H specifically cleaves the phosphodiester bonds in the RNA component of a RNA-DNA heteroduplex (formed by D C hybridization ot R P ) to produce 5′ phosphate and 3′ hydroxyl termini. The ligation-hydrolysis cycle was repeated up to three times using the same ssDNA microarray without any degradation in SPRI signal. The ligated RNA microarray was also successfully utilized in an RNase H amplified SPRI experiment for the detection of 1 pM DNA with the initial rate of change in ∆%R observed to be over twenty times faster than that observed using microarrays prepared with thiol-modified RNA. This superior performance is attributed to an increase in RNase H activity due to the anchor DNA sequence spacing R P further from the gold surface.
C. Replication of ssRNA from DNA Template Microarrays. The previous two examples utilized bioaffinity processes involving ssRNA attached onto the microarray surface. In this final example, we are interested in generating multiplexed samples of ssRNA in solution for bioaffinity sensing. This arraybased ssRNA synthesis will be useful for the characterization of RNA-protein, RNA-peptide, and RNA-small molecule interactions. 45, 46, 52, 53 On-chip replication of RNA has several advantages: (i) it reduces the risk of RNA degradation by eliminating any ex-situ handling, (ii) the synthesized RNA sample is sufficiently concentrated so that weak binding interactions can be detected, and (iii) if desired, on-chip collection can be used to simplify the purification of the synthesized ssRNA product.
The scheme in Figure 14 shows a method for the generation of ssRNA from a dsDNA microarray element (P1) using T7 RNA polymerase. The ssRNA is subsequently detected via hybridization adsorption onto a second array element (P2). The ssRNA can also be used in other bioaffinity measurements with protein or peptide microarrays. The P1 array element contains dsDNA formed by hybridization of a ssDNA template sequence (T) to a surface bound promoter DNA sequence (P) (Figure 14a ). The dsDNA complexes on P1 could be composed of just the T7 RNA polymerase promoter sequence, or also include additional nucleotides complementary to T. The P2 array element is designed to bind to the C region of the ssRNA strands replicated by the polymerase reaction. When the P1 array elements are exposed to T7 polymerase, the enzyme binds to the promoter region and creates ssRNA that is complementary to the template sequence (Figure 14b ). Following the RNA transcription, both T7 polymerase and the ssRNA are released into the solution. T7 RNA polymerase is free to rebind repeatedly to the P1 array element, initiating the production of multiple ssRNA copies of the template. The released ssRNA is detected on the P2 array element (Figure 14c ) via sequence specific hybridization adsorption of the capture sequence (C).
A two-component microarray was constructed to demonstrate the surface RNA polymerase reaction. SPRI difference images from this array during the RNA replication process are shown in Figure 14 . The data in the figure confirms that we can synthesize and subsequently capture ssRNA on the microarray surface. Future work will focus on generating multiple RNA sequences simultaneously for bioaffinity sensing. For example, a microfluidic system with an upstream surface for synthesizing multiplexed RNA sequences can be used in conjunction with a downstream protein or peptide microarray for the study of RNA-protein/ RNA/aptamer bioaffinity interactions.
V. Summary and Outlook
In this paper, we have highlighted surface enzyme chemistry as an invaluable surface bioengineering tool whose incorporation into novel microarray based biosensing methodologies can be an extremely effective approach for increasing both the sensitivity and specificity of multiplexed surface bioaffinity measurements. The lowering of the detection limit to 1 fM for the direct detection and identification of any desired DNA sequences including short oligonucleotides and genomic DNA with RNase H amplified SPRI is an extraordinary improvement compared to the previous nanomolar detection limit of SPRI based solely on hybridization adsorption. Fluorescence imaging has a typical detection limit of 1 pM, 31,34,35 therefore enzymatically amplified fluorescence measurements should have a detection limit well below 1 fM, perhaps with the ability to detect single molecular binding events.
In addition, we have demonstrated that the combination of SPRI and SPFS measurements can be used in conjunction with a simple yet powerful kinetic model to quantitatively characterize surface enzyme reactions. The quantitative characterization of surface enzyme reactions is essential because an enzyme can react orders of magnitude more slowly on a surface as compared to in solution. The kinetic model used here has only three parameters (k a , k d , and k cat ) but has been successfully applied to describe both RNase H and Exo III surface hydrolysis reactions. For more complex surface enzyme transformations, we will have to develop more complicated kinetic models. Moreover, the continued use of SPRI and SPFS measurements will allow us to optimize the surface enzyme chemistry through changes in surface density, orientation, and vertical spacing of the immobilized substrate.
The RNase H amplification process on RNA microarrays is only one of many possible enzymes that can be utilized on biomolecules attached to microarray surfaces. For example, we have also shown that the ligation of RNA to ssDNA microarrays can create multiplexed RNA microarrays, and the reaction of T7 RNA polymerase with surface bound dsDNA can be used to replicate multiple RNA sequences on microarrays. These two RNA fabrication processes can circumvent many of the difficulties normally associated with the handling of multiple RNA sequences in a microarray format. Other enzymes such as proteases and This microarray is then exposed to T7 RNA polymerase with the right side SPR difference image demonstrating the detection of transcribed ssRNA at the P2 array elements. Note that for this preliminary SPRI data, the length of the surface attached ssDNA on the P1 elements is the same length as the T sequence (85 bases). The P promoter region (which is 37 bases long) is double stranded. The ssDNA sequence attached onto the P2 array elements is a 20mer. The ssDNA used in both the P1 and P2 elements are thiol-modified at the 5′-end allowing surface immobilization via maleimide linking chemistry. The ssRNA sequence synthesized via T7 RNA polymerase is 63 bases long.
kinases can also be applied to process surface attached substrate molecules. All of the experiments reported in this paper were performed on gold thin films for SPRI; the coupling of surface enzyme chemistry to bioaffinity interactions can occur on other surfaces (e.g., glass, silicon) and can be used in conjunction with other detection methods such as electrochemical measurements and nanoparticle and fluorescence labeling. We expect that in the future many more surface enzymatic processes will be coupled to multiplexed surface bioaffinity interactions to create highly specific and sensitive novel surface biosensors.
